Abstract-The most important sources of error incurred in the measurements of spectral-line parameters arise from uncertainty in the determination of the 100 per cent transmittance and in the distortion of the line profile by the spectrometer. These errors have been investigated numerically by passing an idealized spectrometer slit function over several assumed line profiles. In this way, families of correction curves have been constructed, from which spectral-line strengths, widths, and peak absorption coefficients may be determined from apparent values measured directly from the chart recorder. The effect of the form of the slit function has been investigated by using triangular, Gauss, Cauchy and combination Gauss-Cauchy slit functions. The effect of uncertainties in the line shape has been investigated by using Doppler, Lorentz, and Voigt line shapes.
INTRODUCTION
SPECTRAL line-shape measurements may be separated into two types. On the one hand, there are measurements which try to define detailed information about the true line shape. On the other hand, once the true shape is already known, there are measurements which try to define only spectral line-widths and strengths. The present investigation treats only the latter type, though it is clear that some line-profile information may be obtained by inference. Our primary goal is the development of a procedure to determine line strengths and widths which makes maximum use of the moderate-to high-resolution capability now available in most spectroscopic laboratories, and which may be applied with relative ease, without regard to weak continuum absorption or emission superimposed on the line spectrum.
Often the attitude is taken that the accuracy of measured line parameters is relatively independent of the spectral resolution with which observations are made. This feeling is particularly common in the case of absorption* line-strength measurements, since it has been shown both theoretically and experimentally that the area under an absorptance line (i.e. the equivalent width) is independent of instrumental distortion.",') On the other hand, one intuitively feels that, with greater spectral resolution, more information is obtained. Thus, one is confronted with an apparent paradox. However, the resolution of this paradox is immediate upon recognition of the fact that the major source of error in measurements of integrated absorptance is the area lost (or gained) by inaccurate location of the 100 per cent transmittance lines. This error arises from the difficulty in measuring absorptance values which are less than several percent. It is a limitation imposed by photometric stability rather than by spectral resolution.
A more accurate measurement of equivalent width is possible if most of the absorptance is concentrated near the line center and if it diminishes rapidly within several half widths of the center, thereby minimizing the lost area. The use of high resolution alleviates this limitation in two ways : (1) measurement is limited only by stability rather than by slit-induced wing absorption which increases the lost area, (2) observation is possible for Voigt or Doppler profiles (which have a very small wing contribution), rather than for collision-broadened lines which have an appreciable contribution far from the line center. In addition, the use of high resolving power to eliminate or minimize the wing absorption may eliminate the problem of line overlap and result in more meaningful measurements.
The importance of resolution in the determination of line widths is much more obvious. It is worth pointing out, however, that in order to obtain independent measurements of line strengths and widths, resolution sufficient for the observation of relatively weak lines must be used, since the analytical connection between line strength and width is greatest for strong lines. In the weak-line limit, the strength depends on width only through the wing contribution.
A significant step forward in the attempt to maximize the information contained in moderate-to high-resolution measurements was achieved with the introduction of direct measurement by KOSTKOWSKI and BASS. (3' Their method is essentially a parametric slit correction procedure which may be applied for both line strength and width measurement if the instrumental distortion is not large (i.e. if the ratio of spectral slit width to line half width is of order unity). The direct measurement procedure has removed most of the limitations of the equivalent width method, but still leaves two major sources of error: the errors associated with the determination of the line of 100 per cent transmittance (the base line), and the errors arising from the contribution of the wings of distant lines. One of the main objectives of this investigation is the removal of these two sources of error from the direct measurement method.
THE DIRECT MEASUREMENT METHOD
The mathematical expression describing the distortion of a spectral absorptance line profile a(v) by a spectrometer which has a slit function a(v, v') may be written as follows : 
* In what follows, only absorptance measurements will be discussed. The methods developed may be used for measurements of radiant intensity profiles as well.
Numerical integration of the integrals in equation (1) will yield the absorptance c.~,Jv') expected at wavenumber v'. If CI(V') and O(V, v') are precise descriptions of a line profile and the instrument function used to observe it, then
where a,,_(v) is the absorptance observed experimentally. Equation (2) is the assumption on which the direct measurement method is based. A set of expected and observed line parameters may be defined in analogy with Lambert's law as follows :
where the strengths S,, and Sobs have units (atmosphere cm2)-l, and k: and kf& are the values of the expected and observed absorption coefficient at line center. Equations (l), (2) and (3) form the link between the unknown absorption coefficient k(v) and kobs(v) measured directly from the chart recorder. This link is expressed in the form of tables or curves relating correction factors yO/y, kP/kc, and S/S,, to the degree of instrumental distortion, 2a/y, where the quantity a is the half width at half height of a(v, v') and where y, y,,, and yobs are the half widths at half height of k(v), k,(v), and k&v). A typical correction curve for a Lorentz line which has a peak absorption a' = 15 per cent and a Gauss slit function,
is shown in Fig. 1 . In order to determine the half width of a Lorentz line by the direct measurement method, two measurements of a given line are required, since the ratio 2a/y must be determined. For example, if measurements y,,,(2a) and y,,,(4a) are made with spectral slit widths 2a and 4a, Fig. 2 may be used to deduce the value of 2a/y to be used to correct y,,,(2a). A detailed discussion of the method may be found in Refs. 3 and 4. The direct measurement method suffers from the same major source of error inherent in all absolute intensity measurements : the inaccuracy inherent in the determination of the 100 per cent transmittance deflection. This is the error depicted by the shaded portion of The following discussion describes a method by which this error may be avoided in the direct measurement of line parameters. Suppose an expected absorptance curve is computed numerically from equation (1). If a straight line of height a,,(G) above the true 100 per cent transmittance is drawn extending f G half widths from the line center, as shown in Fig. 4 , one would have the expected absorptance curve which corresponds to a measurement with a spectrometer having the specified slit function and 2afy ratio, but which differs by the shaded portion of Fig. 3 . This portion is assumed to be the actual area and height lost by the error in the determination of the 100 per cent transmittance. A slightly altered expected absorptance curve c&(v) can be calculated using this new 100 per cent line by simply subtracting the height a,(G) from the absorptance points a,(v) and replacing $100 per cent) by r[lOO per cent -cc,(G)] = ~'(100 per cent). This is the lower dashed curve of Fig. 4 ; the corresponding absorption coefficient is the upper dashed curve. This k&(v) is an even poorer representation of the actual absorption coefficient k(v) than the k,(v) defined earlier, because its apparent area, width and peak is smaller. However, since correction curves can be constructed and the true line parameters determined as before, the quality of the representation is of little consequence. The essential difference lies in the existence of a set of curves or correction tables for each distance G to which the measurement is made from the line center. Once the true line width y is known, G is determined, and the appropriate correction to Sobs and k:,,s may be made. Appendix I gives the corrections to a Lorentz line having a variety of true peak absorptances for several ratios 2u/y and for a number of distances G into the line wings. Figs. 5-7 show families of correction curves for CI' = 30 per cent. Although these curves are quite similar to the familiar G = co curves discussed previously, there is an obvious difference. It can be seen that as 2a/y + 0, the correction curve approaches a nonzero value. This zero point correction arises from the wing correction and from the rectangle of height, CXJG), and length, 2Gy, that was lost in drawing the 100 per cent line. As G --, m, it can be seen that this zero point correction approaches zero and that the curves are the same as those discussed earlier.* The wing corrections are thus contained naturally in the present method. It can be seen also that the yb/y correction curves show negative corrections for small G at small 2a/y. This is to be expected, since small G corresponds to large M,(G), a drastic raising of the apparent 100 per cent transmittance. yb can actually be smaller than y for sufficiently small G, since it raises the half height of the line well above the true half height. This does not occur for relatively large 2a/y because the distortion of the line is sufficient to compensate somewhat for the effect of the raised base line.
From the yJy versus 2a/y correction curves, curves yb(4a)/yb(2a) versus 2a/y may be constructed from Fig. 5 It should be emphasized that this method requires (1) that the two sets of measurements be made out to equal numbers of half widths from the line center, and (2) that this distance extend to a region of small instrumental distortion.
Since the ratio &(4a)/yb(2a) has a negligible dependence on tip, the value 2a/y may be obtained without a prior knowledge of a'. Also, since the correction curves depend only weakly on CI', the proper choice of up may be made quickly by iteration. The new procedure developed here for the correction of slit effects is best illustrated by its application to isolated line profiles observed in the laboratory. For this purpose, the method will be applied to the R(0) and P(1) lines in the first overtone band of hydrogen fluoride.
Absorptance measurements on these lines have been carried out for path lengths of 0.470 cm, 0.498 cm and 1.015 cm in the case of self-broadened HF and at path lengths of 1.99 cm and 7.50 cm in the case of HF mixed with nitrogen in a ratio of 1 part HF to 25 parts N, . Self-broadened lines were observed for pressure of 4 and i standard atmosphere, and the N,-broadened lines were observed for total pressures of approximately one and two atmospheres. All measurements were carried out with absorption cell temperatures at about 100°C. Complete experimental details will be described in a later paper.
For one particular path length, sets of measurements at two spectral slit widths (2a and 4~) were taken. At least five 'good' scans were made of each line at a given slit setting (a 'good' scan is defined as one which appears to be undisturbed by source or detection fluctuations or by environmental effects). After each scan, an opaque shutter was inserted in the optical path to determine the zero line (the recorder deflection corresponding to zero transmittance). A background was scanned for each line for the exact conditions of the actual measurement. The direct measurement of the observed peak absorption coefficient, Lorentz half width, and line strength for both sets of measurements was carried out in the following steps :
(1) The zero line was adjusted to account for the chopped scattered light (i.e. the impure radiation) striking the detector. This amounted to 0.8 per cent for both the R(0) and P(1) lines.
(2) A base line was drawn for each line extending to the extreme wings. This base line can be considered only an approximation to the true 100 per cent transmittance, the determination of which is possible by evacuation of the absorption cell after each scan.
(3) An arbitrary number of half widths G from line center was chosen and an adjusted base line drawn for each line. This base line was necessarily a fraction of a percent or more above the original. The value G was chosen so that it was the largest value compatible with all lines of both slit settings, but a small enough value to connect the absorptance contour as it approached the original base line most accurately.
(4) The zero line, base line, and line contour were recorded on data-processing cards for determining the percentage of absorptance, the observed absorption coefficient, and their areas (in units of wavenumber).
(5) The peak value of the observed absorption coefficient and its half width at half height were determined. This procedure gave values S&, I&, and y& for each line having the same value, Gy.
(6) Values &,,(2a) and y&(4a) were determined by an averaging process, and the ratio &,,(4a)/&,,(2a) was used to determine the ratio 2a/y from Table 1 . This 2u/y value was used in correction curves such as Figs. 5-7 to determine the corrections to y&,(2a), y;,,(4u) I&(2a), /&(4u), Sb,,(2u), and Sb,,(4u). The proper correction curve within each family of curves was determined by the use of the known value of slit width, 2u, to determine a first approximation to y with the use of the ratio 2a/y. This value of y is necessary to determine the number of true half widths in the distance G from the line center. Table 2 shows the results for self-broadened HF lines.
In an effort to reduce error in the final strength and width values, the 1.015-cm and 0.47-cm path-length measurements were carried out for the narrower slit setting. Table 2 also shows the results of these measurements. In all cases, the value of y, determined from the 1 = 0.498 cm data, was used to find the corrections S,, yE, and K,P. Table 3 gives the actual measured quantities and the corrections used in arriving at the values given in Table 2 . Aside from the good agreement among the many different measurements, the most striking feature of the measurements is the apparent nonlinear pressure dependence of the half widths y. This seems to indicate that the lines are not really Lorentzian, as was assumed in using the direct measurement procedure. Nevertheless, the half widths and peak absorption coefficients are related to the line strength by the Lorentz expression kP = Sp/y~, as may be verified for any of the parameters listed in Table 2 . The lower pressure lines, for which the half width per unit of pressure is larger, have smaller values kP, just sufficiently smaller, within experimental error, to obey the Lorentz relationship. The conclusion that must be drawn is that the self-broadened R(OtP(1) lines are indeed Lorentzian near the The results for the nitrogen-broadened R(0) and P(1) lines are given in Table 4 . The measured strengths are in adequate agreement with the self-broadened values, and the scatter in the measured values indicates the precision with which the measurements were made. Once again the relationships among kP, y and S expected for Lorentz lines hold quite nicely. Unlike the self-broadened line widths, however, the nitrogen-broadened lines show a linear dependence on pressure. Therefore, the values kP, are essentially the same for a given absorption path length, independent of pressure. Thus, it is tempting to conclude that spectral lines broadened by the nonpolar molecules are more Lorentzian than self broadened lines of strongly polar molecules. It is hoped that further foreign gasbroadening measurements will shed more light on this situation. 
Correction tables for expected absorptance profiles, a,,dv), are given in Appendix II. If a spectral line is broadened by both the Doppler effect and collision damping, its absorption coefficient is given, to a good approximation, by the Voigt profile, as follows :
where y = (y,/y,)J(ln 2). The peak value of kJv, y) is given by
The half width of the Voigt profile yU, is not contained explicitly in equation (7) but it ranges between the values y, = yD for y = 0 and yv 2: yL for yD << yL. Correction tables for the Voigt profile are given in Appendix III for several values of y. The value of 2u/g, may be determined by measurements at slit settings 2a and 4a as in the case of the Lorentz profile, and y may be determined from a plot of y versus yJyD (see Fig. 8 ) and from yD. Often the slit function is more accurately described by an expression other than Gauss function. It is well known that a triangular slit function has much the same effect as the Gauss function,'3,7*8' whereas an expression which has a slow falloff in the wings (e.g. the Cauchy function) results in a much more distorted spectrum. The present investigation into the effect of different slit functions has been limited to a quantitative comparison of the Gauss slit correction with the following slit functions:
(1) The triangular slit function If q is four, cgq falls off rapidly with v -v,, , and the slit corrections that result are quite similar to those of the Gauss function. For q = 2, rrgq is very much like oC. Slit corrections for (r,, a,, and cg3 are presented in Appendices IV, V, and VI. A direct comparison of their effects on the direct measurement of a Lorentz half width is given in Fig. 9 . The procedure developed in Section 3 for the determination of spectral line parameters from observed line profiles has as its goal the elimination of systematic errors arising from an experimental determination of the base line. In this regard, it has succeeded admirably. In addition, it has been found to facilitate greatly the accumulation of data, since the method does not require an evacuation of the absorption cell after a measurement. This is not an insignificant consideration, particularly when the gas is highly reactive or polymeric (e.g. HF). For this reason also, contributions from the distant lines are automatically rejected, as long as they are weak and vary slowly across the region over which measurements are made. This has been accomplished without the loss of any of the attractive features associated with the usual direct measurement method. Whereas thedirect measurement procedure is not intended to achieve detailed line profile information, it has been possible in our laboratory to detect nonLorentzian profiles in collision-broadened lines with the use of the new method.
The development of this more precise, though admittedly more conceptually complicated, procedure is in keeping with the premise that resolution is indeed important in the determination of spectral line parameters. The procedure accounts for the fact that the investigator is limited primarily by the spectral resolution available to him; given this limitation, the procedure minimizes the next source of error, the determination of the absolute 100 per cent transmittance associated with an observed line profile. 
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